In spite of the above-mentioned usefulness and conSummary venience, there are also limitations and problems in this strategy. First, WGA is taken up by virtually all the neuThe wiring patterns among various types of neurons rons located at the injection sites, resulting in nonspevia specific synaptic connections are the basis of funccific labeling of unrelated pathways. Thus, the conventional logic employed by the brain for information protional WGA injection method is inappropriate for the cessing. This study introduces a powerful method of visualization of selective and functional neural circuitry analyzing the neuronal connectivity patterns by delivoriginating from a specific type of neuron. Second, WGA ering a tracer selectively to specific types of neurons is recognized by animals as a foreign substance and while simultaneously transsynaptically labeling their causes severe inflammatory and immune responses at target neurons. We developed a novel genetic apthe injection site. Third, the conventional WGA method proach introducing cDNA for a plant lectin, wheat sometimes fails to lead to reproducible results, because germ agglutinin (WGA), as a transgene under the conof the difficulty in controlling the location and amount trol of specific promoter elements. Using this method, of WGA administration.
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we demonstrate three examples of visualization of
We have now developed a novel strategy to label specific transsynaptic neural pathways: the mouse specific neural pathways by using WGA cDNA as a cerebellar efferent pathways, the mouse olfactory transgene. When the WGA transgene was expressed pathways, and the Drosophila visual pathways. This under the control of neuron type-specific promoter elestrategy should greatly facilitate studies on the anaments, anatomically connected and functionally related tomical and functional organization of the developing neural structures were clearly visualized with great acand mature nervous system. curacy and reproducibility. We have successfully applied this technique to the nervous system of both verteIntroduction brate and invertebrate.
Fundamental properties of the nervous system depend critically on intricate but highly ordered patterns of neuResults ronal connections that are constructed and refined during development and maintained and remodeled in WGA Expression in Cultured Neurons adulthood. For the understanding of numerous higher
We first examined whether a plant lectin WGA can be efficiently produced and correctly processed to be a mature protein in mammalian cells, especially in neu- 2g-2j) . Furthermore, WGA immunoreactivity was deery of the lectin into vacuoles (Chrispeels and Raikhel, 1991), we speculated that the difference in molecular tected in several other structures to which the cerebellar efferent axons project, such as the superior colliculus, multisynaptic transfer of the WGA protein along a specific neuronal pathway. WGA protein produced by Purthe reticular formation, the vestibular nucleus, and the inferior olive (Figures 2k-2n) . In all these regions, surpriskinje cells is transported via their axons to second-order neurons in deep cerebellar nuclei, and thereafter further ingly, WGA uptake was observed in the third-order neurons (Figures 2i-2n) . These results clearly establish transported through axons of cerebellar nuclear neurons Figure 3b ). In the main and accessory olfactory bulbs, lar efferent pathways was observed also in the other WGA immunoreactivity was detected not only in the two lines, 2 and 4, of L7-WGA mice (data not shown).
axon terminals in glomeruli but also in the external plexiform layer, the mitral cell layer, and the granule cell layer Olfactory Pathways in Mice (Figures 3f-3k) . A higher magnification revealed that Olfactory marker protein (OMP), a 19 kDa cytosolic properikarya of the mitral/tufted cells, the second-order tein with unknown function, is selectively and abunneurons of the olfactory pathways, were intensely WGA dantly expressed by mature olfactory and vomeronasal positive (Figures 3g and 3i) , indicating that the WGA sensory neurons (Margolis, 1985 (Margolis, , 1993 500 m (a-d), 100 m (e), 200 m (f, h, and k), 10 m (g and i), 1 mm (j), 200 m (l-q), 20 m (r-t), and 100 m (u) . . In contrast, a striped pattern transgene expression was confined to subsets of OMPexpressing sensory neurons in line 1 (data not shown), of anti-WGA labeling was observed in the outer half of the medulla to which axons of the second-order neurons probably due to the influence of the genomic insertion site of the transgene (Jaenisch, 1988). In line 3, WGA project, in addition to the stronger labeling found in the retina and lamina (Figures 4e and 4f) . These results expression could not be detected in any tissues.
suggest that the WGA protein was transsynaptically transferred from the R1-R6 cells to the second-order Visual Pathways in Drosophila Next, a cell type-specific expression of the WGA transneurons. Thus, the WGA transgene technique will be useful for transsynaptic tracing not only in mouse but gene was driven in the adult Drosophila visual system by using the GAL4/UAS system (Brand and Perrimon, also in Drosophila, and perhaps in other species. The availability of the UAS-WGA line will definitely facilitate 1993). An Rh1-GAL4 line (Hama and Sone, unpublished data), in which GAL4 transcription is directed by the the elucidation of a number of neuronal circuits in Drosophila, as it can be used with any neurally expressing enhancer/promoter of the Rh1 gene, was used to drive the expression of transgenes specifically in R1-R6 pho- We have presented a novel approach for visualizing specific neural circuitry using WGA as a transgene. In medulla (Figure 4a) (Meinertzhagen and Hanson, 1993) . GAL4 immunoreactivity in the transgenic flies was retwo types of transgenic mice and one type of transgenic Drosophila, WGA was produced under the tight control stricted to the nuclei of R1-R6 photoreceptor cells (Figure 4b) . Horizontal sections of adult heads from two of cell type-specific promoters. WGA protein produced in the first-order neurons was efficiently transported antransgenic lines (Rh1-GAL4; UAS-Tau and Rh1-GAL4; UAS-WGA) were stained with anti-Tau and anti-WGA terogradely and then transsynaptically transferred to the second-order neurons. In some cases, surprisingly, we with animals of the same line with great reproducibility and accuracy. observed the WGA uptake into the third-order neurons.
Features of WGA Transgene
Wider Applications of WGA Transgene Visualization of specific multisynaptic neural pathways A wild-type WGA has an N-terminal 27 amino acid signal peptide for the entry into endoplasmic reticulum and a is indispensable for understanding brain functions, especially higher cognitive functions that involve combina-C-terminal 15 amino acid propeptide for the following delivery into vacuoles in wheat germ (Mansfield et However, there may be limitations in the WGA transgene technique. WGA transfer across synapses seems to destudy suggests that, following the synthesis and maturation in endoplasmic reticulum and Golgi network, the pend on the expression levels of WGA protein in the firstorder neurons. Here, we employed very strong promoter WGA transgene product enters the same endocytotic and secretory pathways. elements (L7 and OMP) that direct robust and sufficient expression of WGA protein for visualization of multisyn-WGA produced in the first-order neurons was transported both anterogradely into axons and retrogradely aptic neural pathways. A problem of insufficient transsynaptic labeling might occur in instances when the into dendrites. The anterogradely transported WGA in the axonal terminals of the first-order neurons underexpression levels of WGA are much lower due to the weakness of certain promoter activities. This problem went the transsynaptic transfer to the second-order neurons. Then, is there any retrograde transsynaptic transwill be circumvented by use of the conditional WGA expression with a strong promoter element linked to a fer of WGA from postsynaptic dendrites to presynaptic axons? In all the lines of L7-WGA mice, weak but signifiCre/loxP recombination system. We are now making transgenic mice with the following construct: ubiquicant WGA immunoreactivity was detected in the cerebellar granule cells (Figure 2c ), whose axons (parallel tous and strong promoter-loxP-stop signal-loxP-WGA cDNA. By mating these mice with Cre-expressing transfibers) make synaptic contacts with Purkinje cell dendrites. In the OMP-WGA mice, furthermore, strong WGA genic mice (neuron type-specific but weak promoterCre), we expect the high levels of WGA production excluimmunoreactivity was observed in neurons in the nucleus of the diagonal band (Figure 3u ), which massively sively in Cre-expressing neurons in which the stop signal is excised by the Cre-mediated DNA recombination. In project centrifugal axons (cholinergic and GABAergic) to the main olfactory bulb (Shipley et al., 1995 . Endocytic and exocytic pathways of the neuronal secretory process and trans-synaptic transfer clonal antibody (3 g/ml, Sigma) that had been preabsorbed with
